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Introduction {#sec005}
============

Non-pharmacological interventions such as non-invasive brain stimulation techniques for memory difficulties have gained much attention in recent years \[[@pone.0144838.ref001]--[@pone.0144838.ref003]\]. In particular, transcranial direct current stimulation (tDCS) proved to be an effective method to facilitate memory capacities in young subjects \[[@pone.0144838.ref004]--[@pone.0144838.ref010]\] as well as in patients with Alzheimer's disease \[[@pone.0144838.ref004],[@pone.0144838.ref011]--[@pone.0144838.ref013]\]. Prefrontal cortex has been a target site for most brain tDCS studies focusing on memory improvement (e.g. \[[@pone.0144838.ref014]--[@pone.0144838.ref016]\]). Indeed, the role of the prefrontal cortex in recognition memory has been well documented (e.g. \[[@pone.0144838.ref017],[@pone.0144838.ref018]\]) and a large body of research explored differences in hemispheric contribution to memory function of dorsolateral prefrontal cortex (DLPFC). Lesion (e.g. \[[@pone.0144838.ref019]\]), neuroimaging (e.g. \[[@pone.0144838.ref020], [@pone.0144838.ref021]\]), and TMS (e.g. \[[@pone.0144838.ref022]--[@pone.0144838.ref024]\]) studies have reported material specific laterality effects in the activation of this region during recognition memory, showing that the left and right prefrontal cortex are differentially recruited, respectively, for verbal and non-verbal stimuli. Other studies reported that hemispheric differences in activation of DLPFC are more related to processes of encoding and retrieval \[[@pone.0144838.ref025]--[@pone.0144838.ref030]\]. The HERA model---Hemispheric Encoding Retrieval Asymmetry (e.g. \[[@pone.0144838.ref031]--[@pone.0144838.ref032]\]) suggests that the left PFC plays a crucial role in encoding, whereas right PFC is more necessary for retrieval (but see \[[@pone.0144838.ref033]\]).

Turriziani et al., \[[@pone.0144838.ref024]\] investigated the effects of repetitive transcranial magnetic stimulation (rTMS) over the left and right DLPFC before retrieval in verbal and non-verbal recognition memory tests. They used inhibitory and excitatory rTMS paradigms in healthy controls and in Mild Cognitive Impairment (MCI) patients. Inhibitory rTMS-trains of the right DLPFC improved recognition memory performance in healthy controls for both verbal and non-verbal memoranda. rTMS-inhibition of the left DLPFC had no effect in the recognition memory performance. Excitatory rTMS trains using intermittent theta burst stimulation (iTBS) over the right DLPFC impaired accuracy on the non-verbal recognition memory task. In contrast, left iTBS had no effect on recognition memory.

RTMS-inhibition of the right DLPFC selectively improved the recognition memory performance of MCI patients with memory deficits.

These findings suggest that inhibition of a brain circuit centered on the right DLPFC may improve long-term memory, probably modulating a domain-general memory retrieval process \[[@pone.0144838.ref028]--[@pone.0144838.ref029]\] based on DLPFC-mediated inhibition of subcortical and posterior cortical regions to implement executive control \[[@pone.0144838.ref034]--[@pone.0144838.ref035]\] According to previous neuromodulation studies \[[@pone.0144838.ref036]\], the right DLPFC is dominant for this form of inhibitory control.

To deeply investigate the role of DLPFC inhibition vs. excitation on modulation of memory performance, in the present study we explored the effects of anodal vs. cathodal tDCS over the right and left DLPFC on recognition memory of non-verbal stimuli. Non-verbal stimuli were used to emphasize lateralized activation of DLPFC in the retrieval phase \[[@pone.0144838.ref023]\]. The use of tDCS follows-up and complements previous TMS studies because it can better disentangle the behavioral effects of inhibition vs. excitation of DLPFC. In fact, cathodal and anodal tDCS have the property to map inhibitory and excitatory circuits respectively, thus making a more clear-cut distinction between inhibitory and excitatory processes as compared with rTMS. tDCS was applied during the retention phase, before retrieval, to reproduce the procedure of previous studies reporting memory facilitations following rTMS of the right DLPFC \[[@pone.0144838.ref023]--[@pone.0144838.ref024]\].

If inhibition of the right DLPFC is indeed a neurophysiological mechanism associated with memory improvement, then we would expect that cathodal tDCS of the right DLPFC specifically improves recognition memory as compared with cathodal tDCS of the left DLPFC and anodal tDCS.

Experimental Investigation {#sec006}
==========================

Participants {#sec007}
------------

36 right-handed, native Italian speakers, participants (4 males, 32 females, age-range 21--29 years; education-range 13--16 years), were recruited from students' population of University of Palermo. All participants were in good health and had no previous history of neurological or psychiatric illness. Written informed consent was obtained from all participants prior to participating in the study. The research protocol with tDCS was approved by the Institutional Review Board of the IRCCS Fondazione Santa Lucia, Rome, Italy. The experiments have been conducted according to the principles expressed in the Declaration of Helsinki.

Materials {#sec008}
---------

The materials used have been employed in previous studies where they have been described in detail \[[@pone.0144838.ref024]\]. The experimental task is an Italian version \[[@pone.0144838.ref037]\] of the Recognition Memory Test \[[@pone.0144838.ref038]--[@pone.0144838.ref039]\].

The stimuli used were unknown faces. In order to apply different stimuli in baseline and post tDCS sessions, we used two parallel forms of stimuli: the first (Form A) was the Faces Recognition Test from Smirni et al. \[[@pone.0144838.ref037]\]; the second (Form B) was a parallel form of the same test.

The faces were black and white photographs of Caucasian women, approximately 25 years old, with Italian physiognomic characteristics, neutral expression, and no obvious distinguishing features.

Procedure {#sec009}
---------

Procedures were identical in both forms. Stimuli were 30 and the tasks were computerized.

In the study phase, stimuli were presented individually in the center of a 15" computer screen over a white background for 2000 ms. The stimuli were preceded by a fixation point lasting 500 ms. The inter-stimulus interval (ISI) was 3500 ms.

Participants were instructed to judge whether the stimulus presented in the study phase was "pleasant" or "unpleasant". This judgment task has been previously used \[[@pone.0144838.ref023], [@pone.0144838.ref040]--[@pone.0144838.ref041]\] to focus subjects' attention in stimulus encoding. Participants responded by pressing one of two designated keys on the keyboard.

The recognition phase was administered after a delay interval of 20 minutes.

In the recognition phase, a three alternative forced choice recognition memory task was administered. Thirty stimulus triplets were presented. In each triplet, the target was presented with two other similar distractors, vertically arranged.

The target was presented in a balanced order either in the upper, lower or middle quadrant of the screen.

The distractors were two faces with physiognomic characteristics similar to the target. This similarity was previously established in a pilot study, in which participants were asked to judge the face similarity on the basis of hair and color configuration, eyes color and shape, nose and mouth shape.

The recognition trial began with a fixation point of 500 ms followed by the presentation of the triplets (target and two distractors) for 2000 ms. The ISI was 3500 ms.

Subjects were asked to recognize the previously presented stimuli by pressing one of three designated keys on the keyboard using the right index finger. If unsure they were asked to guess.

Responses were measured in terms of accuracy and reaction times (RTs). Accuracy was considered as the number of correct targets that participants were able to identify in the three forced-choice recognition memory test. The RTs were considered as the time interval from the onset of the test stimuli to the subject's response.

Transcranial Direct Current Stimulation (tDCS) {#sec010}
----------------------------------------------

In a first experiment, involving 20 subjects (mean age: 23.56 ± 2.25 years; mean education: 14.7 ± 1.54 years), each subject underwent one session of sham tDCS and one session of left or right cathodal tDCS.

In a second experiment, involving 16 subjects (mean age: 24.7 ± 2.19 years); mean education: 15.5 ± 1.3 years), each subject underwent one session of sham tDCS and one session of left or right anodal tDCS.

Subjects were tested individually in a double daily session that lasted approximately 30 minutes per each session. Sham and real tDCS were separated by a 6 hours delay, a sufficient time to allow for the effects of tDCS to vanish out in the case of real preceding sham tDCS \[[@pone.0144838.ref042]\]. The order of the sessions within each experiment was randomized. Sham or real tDCS was applied during the 20' delay interval between the study phase and the recognition phase.

tDCS was applied using a battery-driven BrainStim stimulator (EMS, Italy) with a pair of surface-soaked sponge electrodes (5 cm x 7 cm).

Cathodal tDCS was applied positioning the cathode over the right or left DLPFC (F3/F4 sites according to extended International 10--20 System for EEG electrode placement) and the anode above the contralateral shoulder. Anodal tDCS was applied positioning the anode over the right or left DLPFC site and the cathode above the contralateral shoulder. In both experiments, a constant current of 1mA intensity was applied on for 20 min.

For sham stimulation, the stimulator was turned off after 30 seconds of stimulation as previously described \[[@pone.0144838.ref043]\].

Accuracy (i.e. number of correctly recognized items) and RTs were analysed using ANOVA for repeated measures, with Side (left vs. right) as a between-subject effect, and Condition (sham vs. real tDCS) as a within-subject factor.

Two separate ANOVAs were conducted for cathodal and anodal tDCS.

Results {#sec011}
=======

All participants tolerated the stimulation well and did not complain of pain or discomfort during the stimulation. During sham stimulation, they did not realize that in one session they were stimulated only for the first 30 seconds, as verified with explicit questioning at the end of the last session.

Experiment 1. Cathodal tDCS over the right/left DLPFC {#sec012}
-----------------------------------------------------

### Accuracy {#sec013}

Side (F = 3.47; d.f. = 1,18; p\>.08) and Condition (F = .31; d.f. = 1,18; p\>.58) effects were not significant. The Side x Condition interaction was significant (F = 11.57; d.f. = 1,18; p \< .01) ([Fig 1](#pone.0144838.g001){ref-type="fig"}).

![percentage of hits following sham and real cathodal tDCS of the right (white bars) and left (black bars) DLPFC.\
Error bars represent 1 SE of mean.](pone.0144838.g001){#pone.0144838.g001}

Specifically, right cathodal tDCS significantly improved subjects' accuracy when compared with sham tDCS (F = 7.84; d.f. = 1,18; p \< .01). Furthermore, the effects of right cathodal tDCS significantly differed from those of left cathodal tDCS (F = 14.54; d.f. = 1,18; p \< .01).

The two sham conditions did not differ between each other (F = .91; d.f. = 1,18; p\>.35).

### Reaction Times {#sec014}

Non significant effects of Side (F = .18; d.f. = 1,18; p\>.68), Condition (F = .00; d.f. = 1,18; p\>.95) and Side x Condition interaction (F = 1.87; d.f. = 1,18; p\>.19) were found.

These results indicate that cathodal tDCS over the right DLPFC significantly improves non-verbal recognition memory performance, without any significant modulation of speed of response. Cathodal tDCS over the left DLPFC has no effect neither on accuracy nor on reaction times ([Table 1](#pone.0144838.t001){ref-type="table"}).

10.1371/journal.pone.0144838.t001

###### Average RTs in the different experimental conditions.

Values in parenthesis represent SDs.

![](pone.0144838.t001){#pone.0144838.t001g}

              Cathodal tDCS     Anodal tDCS                       
  ----------- ----------------- ---------------- ---------------- ----------------
  sham        1730.03 (255.5)   1734.1 (181.5)   1697.4 (273.7)   1755.2 (191.8)
  real tDCS   1774.4 (230)      1693.3 (186.1)   1727 (234.4)     1729.5 (240.6)

Experiment 2. Anodal tDCS over the right/left DLPFC {#sec015}
---------------------------------------------------

### Accuracy {#sec016}

Non significant main effects of Side (F = .19; d.f. = 1,14; p\>.67), Condition (F = .00; d.f. = 1,14; p = 1) and Side x Condition interaction (F = .06; d.f. = 1,14; p\>.81) were found ([Fig 2](#pone.0144838.g002){ref-type="fig"}).

![percentage of hits following sham and real anodal tDCS of the right (white bars) and left (black bars) DLPFC.\
Error bars represent 1 SE of mean.](pone.0144838.g002){#pone.0144838.g002}

### Reaction Times {#sec017}

The Side (F = .16; d.f. = 1,14; p\>.69\] and Condition (F = 1.56; d.f. = 1,14; p\>.23) effects, and the Side x Condition interaction (F = 1.44; d.f. = 1,14; p\>.25) were not significant.

These results indicate that anodal tDCS does not has no effect neither on accuracy nor on reaction times in non-verbal recognition memory performance ([Table 1](#pone.0144838.t001){ref-type="table"}).

Discussion {#sec018}
==========

The aim of the present study was to investigate the effects of cathodal and anodal tDCS over the left and the right DLPFC before retrieval in a non-verbal recognition memory task. The main results show that tDCS of the right DLPFC significantly modulates non-verbal recognition memory and its effects are hemisphere and polarity-dependent. In fact, cathodal tDCS of the right DLPFC improves accuracy in recognition memory without any significant modulation of speed response. Instead, cathodal tDCS of the left DLPFC has no effects in recognition memory performance, either on accuracy or on speed of response. Anodal tDCS over the right or left DLPFC has no effects in recognition memory performance accuracy or on speed of response.

In a previous study it was shown that rTMS inhibitory trains of the right DLPFC improved recognition memory performance in healthy controls for both verbal and non verbal stimuli, while left rTMS-inhibition had no effect in the recognition memory \[[@pone.0144838.ref023]\]. Similarly to the results obtained in healthy controls, the same study reported that rTMS-inhibition of the right DLPFC also improved recognition memory in Mild Cognitive Impairment patients with memory deficits. Also in this pathological model, inhibitory rTMS on the left DLPFC had no effect on recognition memory.

In the majority of published studies on the effects of prefrontal tDCS on long term memory, anodal tDCS of the left DLPFC was employed to improve memory performance, both in healthy subjects \[[@pone.0144838.ref007]--[@pone.0144838.ref009], [@pone.0144838.ref014]--[@pone.0144838.ref016], [@pone.0144838.ref044]--[@pone.0144838.ref045]\] and in patients with neurological disease \[[@pone.0144838.ref011]--[@pone.0144838.ref013], [@pone.0144838.ref046]\].

On the other hand, studies reporting memory facilitations following cathodal tDCS are more sparse. Kamida et al. \[[@pone.0144838.ref047]\] showed that cathodal tDCS in immature rats with status epilepticus-induced hippocampal cell loss prevented subsequent cognitive impairment. However, the authors interpreted this finding as closely related to neuromodulation of epilepsy rather than as an effect of cathodal tDCS per se.

Pisoni et al. \[[@pone.0144838.ref048]\] reported that bilateral stimulation of parietal and temporal cortices with anodal tDCS over the left hemisphere and cathodal tDCS over the right one boosted recognition memory performance,

In the light of prior studies showing improved recognition memory performance following 1 Hz rTMS trains of the right DLPFC, we interpret our findings as correlated to inhibition of the function of the right DLPFC. Indeed, there are increasing reports outlining the role of the right DLPFC in episodic memory \[[@pone.0144838.ref045],[@pone.0144838.ref049]\], and correlating it to the role played by this brain area in inhibitory control \[[@pone.0144838.ref050]--[@pone.0144838.ref051]\] and in suppression of unwanted interfering memories \[[@pone.0144838.ref052]\]. According to this interpretation, one could speculate that inhibition of the right DLPFC by cathodal stimulation could have released the excitability of functionally interconnected areas of the medial temporal lobe, thus increasing subsequent recognition memory. In fact, since the depth of stimulation of TMS or tDCS is limited to a few centimeters, these techniques cannot directly stimulate the hippocampal and parahippocampal regions directly involved in episodic memory formation. However, stimulation of the DLPFC can propagate to distal brain structures \[[@pone.0144838.ref053]--[@pone.0144838.ref054]\], and it can also modify prefrontal-hippocampal connectivity \[[@pone.0144838.ref055]\]. If the prefrontal-hippocampal connection is mainly subserved by inhibitory fibers, its inhibition by cathodal tDCS (or by 1 Hz rTMS in previous studies) could likely result in hippocampal disinhibition during the recognition memory task. An alternative account posits that low-frequency rTMS or cathodal tDCS could act by increasing, rather than decreasing, the functional interaction of DLPFC and hippocampus. Related to this, Bilek et al. \[[@pone.0144838.ref055]\] showed that high-frequency rTMS, whose neural and behavioural effects are opposite as compared with those of low frequency rTMS, reduces prefrontal-hippocampal interaction.

Obviously, due to the limited spatial resolution of tDCS, one cannot rule out that tDCS influenced the excitability of other brain areas (such as the ventral prefrontal cortex) involved in the inhibitory network subserving memory retrieval. Future studies, combining brain stimulation with neuroimaging, could further explore the dynamic brain interactions between anterior and posterior brain areas involved in memory processes.

Consistently with the inhibitory account, recent work suggests that memory maintenance and consolidation depends upon the dynamic interaction between large-scale networks and the effective formation of memory traces is associated with suppressing interference from competing networks \[[@pone.0144838.ref056]--[@pone.0144838.ref058]\] (see also \[[@pone.0144838.ref059]\] for a discussion of the neural correlates involved in post-encoding processing).

Since tDCS was applied before retrieval, its effects could have modulated these consolidation processes.

Another, not mutually exclusive, explanation of the current results refers to transcallosal modulation of cortical excitability induced by brain stimulation techniques \[[@pone.0144838.ref060]--[@pone.0144838.ref061]\]. Indeed, it has repeatedly been demonstrated in healthy subjects as well as in patients with neurological disorders that inhibition of one hemisphere results in disinihibition of the contralateral one. Therefore, cathodal tDCS of the right DLPFC could have released from transcallosal inhibition the homologous region of the left hemisphere, resulting in increased excitability of the left DLPFC (see also \[[@pone.0144838.ref048]\] for a study reporting increased recognition memory following simultaneous right cathodal and left anodal tDCS). Modulation of the excitability of the left DLPFC could therefore be associated with the increased memory function, a result also consistent with the large literature previously discussed and reporting ameliorating effects on memory following anodal tDCS of the left DLPFC. The lack of significant effects on recognition memory of anodal tDCS of the left DLPFC in the present study could be explained with the different thresholds of cathodal vs. anodal tDCS. In fact, it has been shown that the intensity of the stimulation is a critical parameter for obtaining inhibitory vs. excitatory effects. For example, Boggio et al. \[[@pone.0144838.ref062]\] showed that 2 mA anodal tDCS over the left DLPFC significantly improved working memory accuracy in patients with Parkinson's disease, whereas 1 mA anodal tDCS did not show any significant behavioral effect. This can also be the case with our finding on anodal stimulation of the left DLPFC, in which we observed only a non-significant trend toward better memory recognition. Possibly, higher electrical current intensity could significantly improve the recognition accuracy following left anodal prefrontal tDCS, an effect that is currently under investigation in our research group.
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